Abstract
Introduction

Physical activity has been shown to reduce cardiovascular morbidity and mortality and is an important non-pharmacological strategy to prevent and treat cardiovascular diseases [1, 2]. Different exercise protocols induce favourable changes of various cardiovascular functions such as reduction in heart rate and blood pressure, increase of maximal myocardial oxygen uptake, various metabolic modifications and physiologic adaptations such as angiogenesis and arteriogenesis involving skeletal muscle and cardiac muscle [3-6]. One of the key events in terms of vascular adaptations to exercise training appears to be an up-regulation of endothelial nitric oxide synthase (eNOS). This vascular adaptation was initially described in 1994
and has been confirmed many times in many species including human beings [1] . Likewise, exercise was shown to increase vascular nitric oxide bioavailability [8] [9] [10] . Furthermore, we could demonstrate that induction of eNOS by exercise triggers induction of extracellular SOD expression [11] . The dependence of ecSOD up-regulation by vascular nitric oxide was recently confirmed using a transgenic animal and treatment with exogenous nitric oxide [12] .
The mechanism of exercise-induced up-regulation of eNOS is multifactorial [1] . Experimental evidence suggest that activation of cSrc [13] and vascular hydrogen peroxide [14] are critically involved. Both conditions are closely related to increased shear stress suggesting that activation of shear stress regulatory cis-elements in the promoter of the eNOS gene play an important role [15] . However 
Determination of eNOS mRNA expression
Total RNA isolation and real-time measurements were performed as described previously [12] . 
Immunoblotting
Western blot analysis was performed as described previously [17] 
Measurements of catalase activity
Catalase activity was measured by the method of Cohen et al. [19] as described previously [14] . The measurements were performed with 100 ϫ g homogenates of the aorta and the lung isolated from untrained C57Bl/6 mice. (Fig. 3) . In striking contrast, such changes did not occur in lung tissues (Fig. 3) . Likewise, physical activity according to both training protocols significantly increased eNOS protein expression in aorta and heart but not in lung tissue and/or vena cava (Fig. 4) 
Results
Efficacy of physical activity
Effect of exercise on catalase expression
According to the results of our previous investigations [14, 20] we determined catalase protein expression levels in vena cava and lung in comparison to aorta and myocardium. In sedentary mice, we found a 4.5-fold higher catalase expression in vena cava compared to aorta and after voluntary running this difference increased to 10.5-fold (Fig. 7) . Likewise, in sedentary mice we found a 2.9-fold higher catalase expression in lung tissue compared to aorta and after voluntary running this difference increased to 6.9-fold (Fig. 7) . In accordance, catalase activity was higher in lung tissue than in aorta (Fig. 7D) 
Effect of aminotriazole treatment on exercise-induced eNOS expression
To challenge the hypothesis mentioned above, catalase was blocked by treating the mice with aminotriazole. During this treatment mice [21] . In striking contrast, little is known about the expression and activity of eNOS in low-pressure vasculature such as vena cava or the lung circulation. In one investigation there was a small increase of eNOS after 1 week of exercise in pulmonary arteries of miniature pigs [22] and another investigation showed similar effects after an acute bout of exercise in rats [23] . Thus, the lack of eNOS up-regulation in the venous circulation following exercise is a new observation. [14] suggesting that hydrogen peroxide appears to be an important mediator in this process. Several sources of hydrogen peroxide during exercise may be considered. First, exercise increases shear-stress which has been shown to activate endothelial NADPH oxidase and subsequent superoxide generation [24] . In accordance, Ashton et al. demonstrated that exercise induced an increase of a carbon-centred radical in plasma of human beings [25] . Secondly, exercise increases ATP production in skeletal and myocardial muscle during which the coenzyme Q radical can transfer its unpaired electron to molecular oxygen, thereby generating superoxide [26] . In contrast to superoxide itself, hydrogen peroxide generated from non-endothelial superoxide by SODs may reach endothelial cells by diffusion, since the molecule is uncharged. Of note, shear stress is a potent stimulus for the expression of Cu/ZnSOD [27] [29] .
Fig. 2 (A) Changes of heart weight body weight ratio induced by both exercise protocols. Forced physical activity and voluntary running induced a significant higher heart weight body weight ratio as compared to sedentary controls (*P ϭ 0.0007 versus sedentary controls). (B) Citrate synthase activity of soleus muscle of sedentary and exercised mice (*P Ͻ 0.0001 versus sedentary controls).
Fig. 3 Real-time mRNA measurement of aortic and lung tissues. Aortic and lung eNOS mRNA expression after (A) forced physical activity and (B) voluntary running compared to sedentary controls (set to zero) (*P Ͻ 0.05 versus controls, # P Ͻ 0.05 versus aorta). were subjected to voluntary running. Inhibition of catalase blunted the arterio-venous difference and resulted in a significant exerciseinduced up-regulation of eNOS in vena cava and lung which equalized the effect in the aorta (Fig. 8B). Furthermore, up-regulation of eNOS in vena cava and lung tissue was associated with augmented ecSOD expression (Fig. 8C) indicating increased NO-bioavailability. These data suggest that physiological catalase activity in vena cava may prevent exercise-induced up-regulation of eNOS.
Discussion
We intended to investigate the effects of two different training protocols on the expression of eNOS and ecSOD in venous and lung tissue and to evaluate the underlying molecular mechanisms. Our major new finding is that -in striking difference to arterial tissue -exercise had no effect on the expression of eNOS and ecSOD in venous tissue such as vena cava and lung. Furthermore, treatment with the catalase inhibitor aminotriazole resulted in up-regulation
Fig. 4 Quantitative evaluation of eNOS protein expression in the aorta, heart, lung and vena cava. (A) Representative Western blot of aorta, heart, lung and vein homogenates from sedentary controls (s), forced exercise (f) and voluntary running mice (v); (B) quantitative evaluation of Western blot signals following forced exercise (*P ϭ 0.0012 versus control) and (C) voluntary running (*P Ͻ 0.0001 versus control). Sedentary controls (bars not shown) were set to zero ( # P Ͻ 0.05 versus lung and vein).
Fig. 5 Phosphorylation of eNOS (eNOS-Ser
) in response to exercise in (A) aorta (*P ϭ 0.0326 versus control), (B) lung tissues (*P ϭ 0.0113 versus control) and (C) vena cava (*P Ͻ 0.05 versus control). Blot signals for controls were set to 100%. of eNOS in vena cava tissue. These data suggest that physiological venous catalase activity prevents exercise-induced up-regulation of eNOS and ecSOD. Previous investigations including those from our lab have shown that physical activity increases the expression of arterial eNOS in animals and human beings [1]. These investigations have been performed almost exclusively in large conduit arteries such as aorta or coronary arteries and some data suggest that this effect does not occur in a similar manner throughout the arterial tree
Fig. 6 Quantitative evaluation of ecSOD protein expression in the aorta, heart, lung and vena cava. (A) Representative Western blot of aorta, heart, lung and vein homogenates from sedentary controls (s), forced exercise (f) and voluntary running mice (v); (B) quantitative evaluation of Western blot signals following forced exercise (*P ϭ 0.0001 versus control) and (C) voluntary running (*P Ͻ 0.0001 versus control). Sedentary controls (bars not shown) were set to zero ( # P Ͻ 0.05 versus lung and vein).
Fig. 7 Expression of catalase protein as (A) representative Western blots of vena cava (V), lung (L) and aorta in sedentary (s) and voluntary running mice (e) and as quantitative evaluation in (B) sedentary mice (*P ϭ 0.0066 versus aorta) and (C) voluntary running mice (*P ϭ 0.0093 versus aorta). Catalase activity is shown in aorta and lung homogenates of sedentary mice (*P ϭ 0.0026 versus aorta) (D). Catalase expression in aortic tissues of voluntary running mice compared to sedentary mice was not significantly changed and amounted to 119% Ϯ 24.81 (P ϭ 0.4788).
It has been shown that exercise-induced up-regulation of eNOS is completely inhibited in mice with an endothelium-specific overexpression of catalase
Physical forces such as shear are important mediators of exercise-induced regulation of eNOS expression [30] The lack of exercise-induced up-regulation of eNOS and ecSOD in the lung was observed with two different training protocols. Forced physical activity is a short-term high-intensity intervention which might be more efficient than endurance training as indicated by activation of skeletal muscle adaptations [31, 32] . Likewise, we repeatedly detected profound changes in the skeletal muscle such as an increase of citrate synthase activity [17] . In contrast, such changes were absent following voluntary running which is a long-term low intensity training protocol consisting of short bouts of 2-3 min. for a total of 100-120 bouts per night [33] . The absence of increased citrate synthase activity following voluntary training of mice has been observed by other investigators as well [34] and many aspects such as the total running distance and changes of heart weight/body weight ratio, soleus weight/body weight ratio and soleus weight/tibia length ratio closely matches previously reported results and prove the efficacy of this training protocol [33] [34] [35] . Despite these considerations, there was no effect of the training protocol on the observed changes of arterial and venous expression of eNOS and ecSOD.
Our data might be helpful to explain why pulmonary rehabilitation programs do not improve lung mechanics and gas exchange, while exercise improves arterial functions such as endotheliumdependent vasodilation and organ perfusion [9, 36] . In view of the significance of lung perfusion for blood arterialization, exerciseinduced up-regulation of eNOS in the pulmonary circulation could theoretically improve pulmonary gas exchange. Furthermore, upregulation of eNOS might reduce the transmural pressure of pulmonary blood vessels by shear-induced endothelium-dependent vasodilation and this might have a protective effect on the blood gas barrier [37] . According to our data, it might be possible to [39] .
